Abstract: A compact and super-high-resolution beam steering device is demonstrated using a Bragg reflector waveguide. For 37-nm tuning in input wavelengths, we obtained a continuous beam steering angle of 60
Introduction
Mechanical deflectors such as rotated polygon mirrors [1] have long been applied in beam steering systems, where high resolution is required for various applications such as optical sensing, printing, and many else. However, large size and slow operation speed are always the unwilling factors that encumber their developing for use in optical communication systems, where compactness and high speed are more emphasized. Microelectromechanical systems (MEMS) are rather compact, but there is difficulty in precise controlling and reaching large steering range [2] . To encounter these limitations, researchers made efforts in making nonmechanical beam steering. Diffraction grating, crystals with strong electrooptic effect, and grating arrays are all famous fashions [3] - [5] . Direct electric steering in output was reported in vertical-cavity surface-emitting lasers (VCSELs) and photonic crystal lasers [6] - [8] . If we look at those devices' performance regarding resolution, a number of resolution points N, which is defined as distinguishable spot counts in far-field observation, can be used to make evaluation. The N for mechanical deflectors can be larger than 1000, while N for those nonmechanical beam steering techniques can hardly be even larger than 100. An optical phased array is another interesting approach that is possible to provide very high resolution in theory [9] , [10] . However, it is actually difficult in increasing the interelements in the array for increasing N, and there is a limitation in free spectrum range (FSR) of operating wavelengths in real devices.
Giant and high-resolution beam steering based on a slow-light Bragg waveguide amplifier [11] was a novel approach reported by the authors' group previously [12] . The scheme is similar to a virtually imaged phased array (VIPA) [13] but in a different structure and working principle. Slowlight mode is a low-loss eigenmode that propagates in a Bragg reflector waveguide [14] . The strong light-matter interaction introduces interesting phenomena such as large nonlinearity and dispersion [15] , [16] . In design, an angular dispersion of the device is 1 $ 2 =nm, which is an order larger than a conventional diffraction grating and several times larger than that of a VIPA. We reported the first and improved experimental demonstrations in [17] , [18] . An N over 100 was successfully achieved in an active device, where a certain amount of current is injected to compensate the propagation loss resulting in narrow divergence angles. Although, in design, it is possible to further increase the resolution by pumping more current into the device, saturation in gain region and amplified spontaneous emission (ASE) prevent the device from reaching its ideal performances.
In this paper, we introduce a passive waveguide approach in realizing high-resolution beam steering in the slow-light Bragg reflector waveguide. Rather than compensating the loss by amplification, we choose to directly reduce the propagation loss in order to keep a large radiation beam width. It can be realized by increasing the top-mirror reflectivity, as well as decreasing the material absorption loss. As a result, a millimeter-order propagation is successfully demonstrated. Large steering range and record-breaking resolution are both obtained in this miniature nonmechanical beam deflector.
Design and Principle
This beam steering device is based on a highly dispersive slow-light Bragg reflector waveguide with wavelength tuning [12] . The structure is simple: a bulk core with a thickness of is sandwiched by quarter-wavelength thick multilayer distributed Bragg reflectors (DBRs); an oxide confinement layer is inserted above the core so as to realize lateral confining of the slow-light mode, which has been widely used in VCSELs. In Fig. 1(a) and (b), we illustrate the device crosssection layer design and an excited slow-light mode in simulation. The number of DBR pairs can be designed to precisely control the mirror reflectance and hence the propagation loss. Here, the numbers of pairs are 28 and 40 for top and bottom DBRs, respectively. Single mode propagation is possible when the confinement aperture is narrow enough. Fig. 1(c) shows the principle of coupling and propagation of the slow-light mode. A tilt-coupling scheme is applied here to convert light from lensed fiber to the propagation eigenmode [17] , [19] . Eight pairs of top-mirror DBR are left after etching at the coupling region, which is optimized for a high coupling efficiency. The angle of radiation, or we call deflection angle , is determined by the mode travelling angle i [as shown in Fig. 1(c) ] following Snell's law. It is noted that the slow-light mode propagation constant is determined by the vector numbers of waveguide cutoff condition c and input light , which are approximately expressed by 2n wg = c and 2n wg =, respectively, where n wg and c are the refractive index and the cutoff wavelength of the waveguide [12] .
, is strongly dependent on the wavelength near the cutoff condition. Therefore, by tuning the input wavelength, it is possible to steer the radiation light. As can be seen in Fig. 1(d) , is highly dispersive here in a Bragg reflector waveguide. As a result, a large change in deflection angle can be obtained. The deflection angle is approximately given by
In the current experiment, c is designed to be 990 nm. However, it is flexible to change the wavelength band by scaling each layer thickness. For a tuning range of 40 nm, a steering range max over 75 can be obtained. On the other hand, it is important to investigate the steering resolution. The radiation emits from the waveguide surface is highly coherent, and the intensity decays exponentially due to a propagation loss. The divergence angle div is inversely proportional to the effective propagation length (1=e decay length) according to the diffraction limit. For example, if a divergence angle div of smaller than 0.04 is required, approximately 1.5-mm effective propagation is needed. More accurate values can be given by applying Fourier transform to the radiation profile on the waveguide surface. We used this method to obtain the theoretical values for div in Section 3.4. The waveguide length can be freely designed by lithography process, and the effective propagation length can be increased by reducing the propagation loss; thus, it is promising to obtain very sharp divergence angle with keeping a large tunable steering range. In Fig. 2 , we show the full schematic view of the fabricated beam steering device with illustrations of the feature parameters mentioned above. 
Experiment

Fabrication
The device is fabricated on a wafer grown by metal organic chemical vapor deposition (MOCVD). All layers are undoped in order to reduce material absorption, which causes extra propagation loss. Fabrication process includes two times of inductive coupled plasma-reactive ion etching (ICP-RIE), which form a trench and a coupling region, and an oxidization process to realize the lateral confinement in waveguide. A top view of 12 fabricated devices in an array is shown in Fig. 2 . We could flexibly change the mesa width, trench width, and device length. Measurements in this paper are all carried out on a 5-mm-long device with an unoxidized aperture (lateral waveguide) width of $ 6 m.
Measurement
Measurements of the device are carried out on a near-field pattern/far-field pattern (NFP/FFP) measurement platform (M-Scope type D, Synergy Optosystems Co., Ltd.; see Fig. 3 ). The loaded imaging setup, incorporating with a lens system with half-mirror beam splitter and two charge coupled device (CCD) cameras, enables us to capture NFP and FFP at the same time. An external tunable light source is used to provide input light. The light is polarized and then coupled into the waveguide through a lensed fiber. We carefully adjusted the fiber angle and position during measurement for reducing the coupling loss [12] , [19] . Because the passive-type waveguide has very low material absorption loss, most of the coupled light will be outputted as radiation. Therefore, the device insertion loss is mainly determined by the coupling efficiency. The modeling shows the minimum coupling loss can be below 3 dB, which is supported by our previous experiment [19] . The insertion loss of the present device is around 10 dB, which can be improved by optimizations in fabrication processes. There is a limitation in the acceptance angle of the lens system, and thus, the maximum measured range of FFP is 30
. Thus, it is needed to adjust the camera to a certain angle for capturing FFP. This tilting will cause defocusing in NFP observation because the focusing plain cannot coincide with the device surface. Fig. 4 shows the FFPs for inputs with a wavelength span from 952 to 989 nm. Continuous shift is observed from a smaller angle to a larger angle with a steering range over 60
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. Because we kept the fiber insertion angle and position fixed, the coupling efficiencies for tuned wavelengths are slightly different. But later, we will see, in such a large tuning range, the propagation length is long enough to provide a high-resolution output beam. As illustrated in Fig. 5 , measurement data of the deflection angles is compared with calculation from (1), setting n wg as 3.45 and c as 990 nm. It can be seen that they are in very good agreement. In addition, if we place another fiber at the end of the device (same structure to the coupling region), we can even double the steering range to an extraordinary number of 120 (À70 $ À10 and þ10 to þ70 ) in a single device.
Divergence Angle and Number of Resolution Points
In devices of previous reports [17] , [18] , the wafer layer structure is similar to a 980-nm-band VCSEL. Due to a gradient DBR refractive index profile and doping, the propagation loss is large for the slow-light mode; thus, we could not obtain long propagation length. In this device, we chose step and no-doping DBR mirrors, as well as a simple bulk GaAs core. As a result, the propagation loss is largely reduced, and an effective propagation length in millimeter order is confirmed. In  Fig. 6 , NFPs of the devices during measurement are shown. The camera angle is set to be 30 in order to capture the radiation light and output at the end. Due to the defocusing effect and visual field, we need to adjust the focus for observations at different parts of the waveguide. Images in Fig. 6(a) and (b) are for a 1-mm-long device, while Fig. 6 (c) and (d) are for a 5-mm-long device, respectively. Although radiation intensity decreases with propagation, we can clearly observe outcoupling at the end of the devices. Here, the out-coupling region is the same to the coupling region in structure, and the remained light after propagation will emit out.
We further applied a higher resolution measurement system, which incorporates with a collimator, to observe FFP image and check its profile. An example is shown in Fig. 7 of the result when the . The intensity distribution along the propagation direction is expressed by an exponential decay function, and thus, the FFP can be expressed by a Lorentzian function. The observed divergence angle corresponds to a 1=e decay length of $2.3 mm at a radiation angle of $ 41:6 for 972 nm. The measured divergence angles as a function of wavelengths are shown in Fig. 8 , comparing with calculation by Fourier transform of the radiation profile on the waveguide surface. In the modeling, the propagation loss is determined by the radiation through a top DBR. The difference is acceptable because the 2-D simulation model and real 3-D device structure are slightly different in various aspects. Neglecting the wavelength very near and far away from c , a large optical bandwidth of ultrasmall divergence angle is achieved. For a tuning range of 28 nm (958 to 986 nm), the measured div could be below 0.040 . Considering the corresponding steering range of 41 in the entire tuning range, we, for the first time, Fig. 7 . Far field pattern and its profile ð y ¼ 0 Þ captured with a high-resolution measurement system. The input wavelength is 972 nm and the polarization state is TE. The divergence angle div is defined as full-width at half-maximum (FWHM). recorded a number of resolution points N larger than 1000. The above results are for TE-polarized input. However, TM-polarized input can also provide high resolution with an N larger than 800 in the same tuning band. Further improvements can be made after reducing the propagation loss and increasing the device length. As can be observed in Figs. 4 and 7, the divergence angle in the y -axis is very large. This angle is dependent on the lateral width of the propagation light, which is a few micrometers in this device after the oxidization confinement process. According to the diffraction limit analysis, the divergence angle is approximately 10 $ 20 . The measured divergence angle (FWHM) in the y -axis is around 15 . We are able to reduce it by inserting a cylindrical lens above the waveguide. Another possible way is to extend the beam width laterally, for example, by making a waveguide array with plenty of elements. It is not difficult to be realized by a mature lithography technology. If we are able to control the phase of each waveguide, 2-D beam steering will be prospective.
In this passive-type device, we do not need to worry about the ASE, the uniformity of current distribution in the waveguide and gain saturation, which are limiting factors for active-type devices in our previous experiment [17] , [18] . Also, in contrast to active-type devices, passive-type devices require no injection current and, hence, lower power consumption in particular for high-resolution devices with a longer length.
Conclusion
In this paper, we demonstrated a super-high-resolution beam deflector exhibiting its principle and experimental demonstration. Widely continuous beam steering could be obtained due to a giant waveguide dispersion of a low loss Bragg reflector waveguide with wavelength tuning. A steering range of over 60 is realized and can be even doubled in a single device by inserting another input fiber from the opposite side. A low-loss Bragg reflector waveguide enables a mm-range propagation length, which provides us an ultrasmall divergence angle of 0.025 . For the entire tuning band from 958 to 986 nm, the divergence angle is below 0.040 for the TE-polarized light. Because the corresponding steering range for the band is 41 , we, for the first time, achieve a number of resolution points exceeding 1000. To our knowledge, it is the highest number ever reported in a nonmechanical beam steering device. Although the number is smaller than that of a mechanical deflector at this stage, the size is reduced to an extraordinary subcentimeter order. In fact, it is possible to exceed mechanical beam deflectors in resolution after further increase in the propagation length. It can be realized by decreasing the propagation loss, for example, by adding more pairs of DBR reflectors on the top. Another interesting subject is to integrate a widely tunable VCSEL with our beam deflector to avoid an external tunable source, as discussed in [20] . Also, electrical beam steering operation could be demonstrated at a fixed wavelength, which can be realized by changing the refractive index of a Bragg reflector waveguide [21] . We believe this novel fashion of beam steering will also offer new functionalities for free-space light control and optical switching in next-generation optical communication systems.
